OBJECTIVE To measure and analyze retinal light sensitivity of the macula in STGD1 using fundus-controlled perimetry (microperimetry).
S targardt disease type 1 (STGD1; OMIM: 248200)isthe most common form of juvenile-onset macular dystrophy.
1 Pathogenic mutations in the ABCA4 gene lead to atrophic-appearing macular lesions and variable loss of best-corrected visual acuity (BCVA). 2 Best-corrected visual acuity can range from 20/20 to 20/400 or worse. 3 Measuring the BCVA is a straightforward approach to quantify visual performance and has been widely studied. 1, [3] [4] [5] However, the Progression of Atrophy Secondary to Stargardt disease (ProgStar) study group showed that BCVA is unlikely to be a sensitive outcome measure for treatment trials in STGD1 except in certain subgroups owing to the slow rate of BCVA loss. 3, 6 Visual field testing is another psychophysical approach, but it misses small scotomas and is often complicated by unstable fixation in macular diseases. Fundus-controlled perimetry (microperimetry) allows for precise sensitivity analysis of the macula by displaying stimuli in preplanned retinal areas. 7, 8 An eye tracker ensures an exact correlation of macular pathology with functional defects in the Nidek MP-1 microperimeter (MP-1; Nidek Technologies). 7 The MP-1 has been shown to be a reliable technique for testing of macular function in longitudinal treatment studies for STGD1. 9 In this study, we examined the cross-sectional associations of microperimetric sensitivity data with demographic characteristics and the BCVA in our study cohort with molecularly confirmed STGD1, using data from the baseline examination of the prospective ProgStar study.
Methods
The ProgStar study received approval from the Western Institutional Review Board and all institutional review boards of all involved institutions and is in compliance with Health Insurance Portability and Accountability Act of 1996 and the Declaration of Helsinki. Details on all regulatory requirements, the design, organization, inclusion and exclusion criteria, the data collection, and management processes are described in ProgStar Report No. 1. 10 This report also details the certification processes, the coordinating, and data management centers, and the strategies to ensure quality and completeness of the examinations and the gradings.
Microperimetry
The Nidek MP-1 microperimeter (NAVIS Software 1.7.7 or higher; Nidek Technologies SRL) was used to perform testing. Sensitivity was tested in 68 macular test locations in a pattern comparable with the Humphrey 10-2 pattern (eFigure 1 in the Supplement) using white size 3 stimuli (0.43 arc degrees; comparable with Goldmann III) with a duration of 200 milliseconds on a white monochromatic background and a 4-2 strategy. In the ProgStar study, optical coherence tomography data were used to center the test pattern manually onto the anatomical fovea as accurately as possible following a standard operating procedure. 10, 11 In cases with foveal atrophy, the graders looked for the point of maximal inner retinal layer convergence and used the adjoining B-scans immediately superior and inferior to the approximate foveal center to determine this center as precisely as possible. Accurate pattern placement is necessary to ensure proper structure-function correlation, ie, to ensure that the central 4 foveal points actually test the function of the foveal region, although this approach leads to exclusion of a significant amount of eyes from the analysis. All tests were performed under almost dark (mesopic) light conditions. The sensitivity at each retinal location was determined by iteratively adjusting the light intensity until the dimmest visible stimulus was found. The sensitivity for each test location was determined on a scale of 0 dB to 20 dB. Test locations with 0 dB (ie, retinal locations where only the brightest stimulus was detected or no stimulus at all was detected) were defined as "deep scotoma," and test locations with more than 0 dB but less than 12 dB were defined as "relative scotoma." The ProgStar protocol did not include the testing of normal individuals but based on the literature 12, 13 and experience to date, loci with 12 dB or higher sensitivity were considered to be normal, near-normal, or at least not substantially abnormal. For simplicity, these test locations with 12 dB to 20 dB are therefore referred to as "normal." All examinations were performed monocularly, with the contralateral eye patched. The central 4 points were 1.7°away from the anatomical fovea and were grouped as "foveal"; the 12 perifoveal points were at a distance of 3.5°to 4.7°from the center of the anatomical fovea and were grouped as the "inner ring"; and the remainder of the test locations between 5.6°to 10.1°from the fovea were grouped as the "outer ring" (eFigure 1 in the Supplement). The central reading center categorized the pattern placement on the fovea as "adequate," "poor," or "cannot grade." When the center of the grid was within less than 1°from the anatomical fovea, this was graded as "adequate." Distances from 1°to less than 2°were "fair." "Poor" pattern placement means that the grid was improperly placed at a distance of at least 2°from the fovea (eyes with such "poor" placement were excluded from the main analysis).
sumption of a linear relationship between an independent variable and the outcome variable was not met, piecewise linear models with generalized estimating equations were used where the cutoff value for the final model was determined through iterative model fitting and was the value that yielded the minimum information criteria in the model fit. Multivariable regression models were used including explanatory variables that were significant in univariate analyses, with the appropriate P values ≤ .10.
Results
Between October 21, 2013 , and January 30, 2015, a total of 259 patients and 489 eyes were enrolled at 9 centers in the prospective ProgStar study. 10 The . Best-corrected visual acuity was 4.0 ETDRS letter score lower (95% CI, −6.13 to −1.80; P < .001) among patients with poor or ungradable pattern placement. Figure 1 presents the detailed enrollment count. We present herein the results from the 326 eyes following exclusion of eyes with poor or ungradable pattern placement; data for all 440 eyes are provided in eTables 3-5 in the Supplement.
Measures of Macular Sensitivity in STGD1
The median of the mean sensitivity per eye (MS) throughout all 68 points assessed with the MP-1 was 12.4 dB (mean [SD], 11 [5] dB; range, 0-19.9 dB; n = 322 eyes). The number of normal points and relatively and deeply scotomatous points is shown in Table 1 . The median MS was worse when measured in the foveal 4 points (0 dB) and best in the outer ring (14.5 dB) . This trend was also reflected by the distribution of deeply scotomatous points, the mean percentage of which among all tested locations was highest at the fovea (73%), intermediate in the inner ring (46%), and smallest in the outer ring (15%) (eTable 2 in the Supplement). Overall, MS measurements were highly correlated between the right and left eyes (overall MS ρ = 0.95; P < .001; n = 124). The correlation of MS between the right and left eye was weaker in the foveal 4 points (foveal MS ρ = 0.75; P < .001; n = 125) than in the inner ring (inner ring MS ρ = 0.91; P < .001; n = 125) or outer ring (outer ring MS ρ = 0.95; P < .001; n = 125). The Pearson correlation coefficient of the BCVA between the right and left eye (BCVA ρ = 0.78; P < .001; n = 127) was similar to that of the foveal MS. Among 489 eyes enrolled in the prospective ProgStar Study, a total of 326 were included in the sensitivity analysis of the macula and 322 eyes were included in the analysis of mean sensitivity.
The total number of normal, relatively scotomatous, and deeply scotomatous points among the 68 test locations for each eye showed that the median number of locations with normal sensitivity was higher (median, 49 points; range, 0-68 points) than for points categorized as a relative scotoma (median, 8 points; range, 0-43 points) or deep scotoma (median, 10 points; range, 0-68 points). eTable 3 in the Supplement shows the detailed results from sensitivity testing in the entire cohort including eyes with poor pattern placement. Table 1 summarizes the association of sensitivity testing with demographic features. Overall MS was 0.086 dB lower per year of additional age (95% CI, −0.13 to −0.041; P < .001) in the univariate model. Better MS of all 68 test locations was significantly associated with younger current patient age (β = −0.09; 95% CI, −0.13 to −0.04; P < .001, Figure 2 ) and with shorter duration of STGD1 symptoms (β = −0.71; 95% CI, −1.10 to −0.32; P < .001, Figure 2 ) but not with age at diagnosis of STGD1 older than 18 years (β = 0.014; 95% CI, −1.44 to 1.47; P = .98), race/ethnicity (β = 0.26; 95% CI, −1.75 to 2.27; P = .80), or sex (β = 0.55; 95% CI, −0.86 to 1.96; P = .44). The number of normal test locations (test locations ≥12 dB) was significantly associated with age younger than 50 years, with those patients' eyes having a mean of 13.4 more normal points (P < .001). A larger number of normal test locations was also associated with shorter duration of STGD1 (P < .001). Similarly, a higher number of deeply scotomatous locations was associated with longer duration of STGD1 symptoms (P < .001) and with an age older than 50 years (P = .004) with their eyes having on average 9.3 additional deep scotomas.
Measures of Macular Sensitivity and Their Association With Demographic Features
On multivariate analysis accounting for the different demographic measures, duration of STGD1 was the demographic feature associated with most measures of sensitivity in the macular region (Table 1) . There were significant associations with the overall MS (β = −0.18; 95% CI, −0.27 to −0.09; P < .001), with the number of normal test locations (β = −0.71; 95% CI, −1.10 to −0.32; P < .001), and the number of deep scotoma points (β = −0.70; 95% CI, 0.37-1.04; P < .001). After accounting for duration of STGD1, there were no longer associations with current age for any of the 3 measures of sensitivity in the macula. eTable 4 in the Supplement presents the results from the entire cohort (including poor pattern placement) which were essentially equivalent.
Measures of Macular Sensitivity and Their Association With Visual Acuity
The association of macular sensitivity and BCVA are presented in Table 2 . Best-corrected visual acuity was 1.2 ETDRS letter score lower per 1 dB worse MS (95% CI, 0.75 to 1.64; P < .001). On multivariate analysis simultaneously, including the mean sensitivities in the fovea, in the inner, and in the outer ring, BCVA was 0.62 ETDRS letter score worse per 1 dB less MS among the foveal 4 points (95% CI, 0.1 to 1.14; P = .02); the association was similar for the inner ring where 1 dB decreased MS was associated with 0.59 ETDRS letter score worse BCVA (95% CI, 0.05 to 1.14; P = .03); there was no association of the MS in the outer ring with the BCVA (P = .22). In both the univariate and multivariate analyses, a higher number of deep scotoma points was associated with worse BCVA (β = −0.30; P < .001). eFigure 2 in the Supplement shows these associations in the univariate analysis. Closer analysis of the scatterplot (eFigure 2 in the Supplement) revealed that there are some cases with low MS (<6 dB) but very good BCVA (≥72 ETDRS letter score; ≥20/40). We observed 11 such eyes. Figure 3 shows an illustrative example: all 11 eyes had a small preserved foveal island of nonatrophic retina used for fixation accounting for the good BCVA. However, the preserved island was too small to be covered by any of the central 4 test locations. eTable 5 in the Supplement shows these correlations for the entire cohort.
Discussion
This study investigated light sensitivity parameters of the macula obtained with fundus-controlled (micro)perimetry in patients with STGD1 and found an overall MS (SD) of 11.0 (5.0) dB. Both the MS and the number of scotomatous points show that the ability to perceive light stimuli of the central retina is reduced in STGD1. Longer duration of symptoms was associated with worse sensitivity of the macula, and the sensitivity parameters correlated with BCVA, although not tightly. Using the MP-1, Testa et al 14 reported comparable mean MS results of around 10 dB in a cross-sectional analysis of molecularly confirmed patients with STGD1 with an age at onset of first symptoms younger than 30 years. 14 In our cohort, the mean of the MS in all tested locations was 11.0 dB, which is consistent with the report by Testa et al 14 given the later age at first symptoms of the disease in our cohort. Later onset of symptoms has been shown to be associated with a milder course of the disease. 3 Because macular sensitivity in any tested location should be close to 20 dB in age-matched healthy control individuals, 15 our results suggest that the functional deficit in STGD1 is most pronounced in the foveal center, while it is relatively preserved in the peripheral macula. Our results show that better ability to perceive light stimuli in the macula is significantly associated with younger patient age (P < .001) (univariate analysis) and shorter duration of STGD1 (multivariate analysis). Both a higher overall MS as well Scatterplots showing the correlation between microperimetric sensitivity with the duration of Stargardt disease (STGD1), the age at onset of STGD1, and the duration of STGD1 symptoms. Univariate linear regression analyses.
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as a higher number of test locations categorized as "normal" and a lower number of "deeply scotomatous" points were associated with shorter duration of symptoms and younger patient age. 14 Further investigation of longitudinal macular sensitivity data will be conducted in the ProgStar study, differentiating between early-and late-onset cases because patients with an early onset of the disease are expected to have a more rapid decline in visual function. 19 We found that better MS is associated with better BCVA. However, there were sporadic cases with eyes with an MS better than 16 dB and a BCVA of less than 40 ETDRS letter score. On the other hand, we encountered 11 eyes with a discrepancy between the BCVA and MS readings, with BCVA of at least 72 ETDRS letter score (approximately 20/40) and MS less than 6 dB. The one example outlined in Figure 3 shows that focally preserved retinal structure as seen on fundus autofluorescence imaging accounts for such cases. A fovea-sparing phenotype of STGD1 has been described, and macular pigment may play an important role in such cases. 9, 11, 20, 21 Microperimetry underestimates the true visual acuity potential for this phenotype, whereas BCVA alone does not capture the extensive loss of sensitivity in the rest of the macula. 8 Therefore, for a comprehensive assessment of retinal function in STGD1 and possibly in a larger group of macular diseases including agerelated macular degeneration, both BCVA and microperimetric sensitivity testing should be considered, although both show strong associations. Because the visual resolution is highest in the foveal center, where it is limited only by cone spacing, 22 we had expected a strong relationship between the MS in the fovea with BCVA. Surprisingly, we found an almost identical association for the inner ring. This suggests that a relatively large area extending to an eccentricity of about 4°from the foveal center is critical for BCVA testing and high-resolution visual perception, possibly with eccentric fixation within 4°from the foveal center. 23 It is also possible that our inclusion criteria may account for this finding because they allowed a freedom of 2°g rid displacement. Therefore, it is possible that some of the inner ring points were actually in the fovea. On multivariate analysis, the sensitivity in the outer ring did not correlate with BCVA (β = 0.34; P = .22) suggesting that the visual resolution in the outer ring is relatively poor and functional loss of the outer ring area is not associated with additional loss of BCVA.
Our results also show that eyes with less than 20 locations of relative scotoma or less than 20 deep scotoma points were associated with a wide range of BCVA outcomes, from 20 to more than 80 ETDRS letter score. A higher number of deep scotoma points was associated with worse BCVA (β = −0.30; P < .001). 
Limitations
Limitations of the presented research include the crosssectional nature of the data. The primary outcome parameter of the ProgStar studies is the size of atrophic lesions on fundus autofluorescence testing that resulted in a minimum fundus autofluorescence lesion size as an inclusion criterion. Hence, very early stages of disease without any obvious anatomical changes were not included, and we did not analyze the function of the macula in such cases.
Conclusions
We show that microperimetry is as an important outcome measure for describing the functional status of the macula in STGD1.
Our forthcoming longitudinal data may show whether it is useful for also detecting functional change. Microperimetry adds to the information provided by BCVA testing and allows for a more comprehensive assessment of macular function. The microperimetric sensitivity data may also be correlated with the location of the center of fixation. Investigating the correlation of fixation data with sensitivity data of the central macula would permit the identification of a lower threshold of retinal sensitivity beneath which fixation is more liable to become eccentric. In addition, further correlation of the presented data with optical coherence tomographic 24,25 and fundus autofluorescence-derived 26,27 measures to show structure-function correlations will be calculated with the longitudinal 12-and 24-months follow-up data from the ProgStar study. 
